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ABSTRACT
Deep X-ray observations of the post-explosion environment around the very nearby Type Ia SN 2014J (dL =
3.5Mpc) reveal no X-ray emission down to a luminosity Lx < 7× 1036 ergs−1 (0.3-10 keV) at δt ∼ 20days
after the explosion. We interpret this limit in the context of Inverse Compton emission from upscattered optical
photons by the supernova shock and constrain the pre-explosion mass-loss rate of the stellar progenitor system
to be M˙ < 10−9 My−1 (for wind velocity vw = 100kms−1). Alternatively, the SN shock might be expanding
into a uniform medium with density nCSM < 3cm−3. These results rule out single-degenerate (SD) systems
with steady mass-loss until the terminal explosion and constrain the fraction of transferred material lost at the
outer Lagrangian point to be≤ 1%. The allowed progenitors are (i) WD-WD progenitors, (ii) SD systems with
unstable hydrogen burning experiencing recurrent nova eruptions with recurrence time t < 300 yrs and (iii)
stars where the mass loss ceases before the explosion.
Subject headings: supernovae: specific (SN 2014J)
1. INTRODUCTION
Type Ia supernovae (SNe) are believed to originate from
white dwarfs (WDs) in binary systems. However, no stellar
progenitor has ever been directly identified in pre-explosion
images, not even for the two closest Type Ia SNe discovered
in the last 25 years, SN 2011fe (Li et al. 2011) and, more re-
cently, SN 2014J (Kelly et al. 2014, Goobar et al. 2014). As a
result, the nature of their progenitor system is still a matter of
debate (e.g. Howell 2011, Di Stefano et al. 2013, Maoz et al.
2013). Here we present a detailed study of SN 2014J at X-ray
energies, with the primary goal to constrain the circumstellar
environment of the exploding star.
SN 2014J was discovered by Fossey et al. (2014) in the
nearby starburst galaxy M82. At the distance of dL = 3.5Mpc
(Dalcanton et al. 2009; Karachentsev & Kashibadze 2006),
SN 2014J is the nearest Type Ia SN discovered in the last three
decades and offers an unprecedented opportunity to study the
progenitor system of thermonuclear stellar explosions.
Type Ia SNe are believed to originate from the runaway
thermonuclear explosion of a degenerate C/O stellar core,
likely a WD in a binary system (Hoyle & Fowler 1960, Col-
gate & McKee 1969, see Calder et al. 2013, Maoz et al. 2013
and Parrent et al. 2014 for recent reviews). While there is con-
sensus that a white dwarf explodes, the astronomical events
that precede the explosion are less clear.
Two progenitor channels are mostly favored, involving non-
degenerate and degenerate binary companions, respectively.
In the first scenario (single-degenerate, SD, hereafter), the
WD accretes material from the companion, potentially a gi-
ant, sub-giant or main-sequence star (Whelan & Iben 1973,
Hillebrandt & Niemeyer 2000, Nomoto 1982b). Wind from
the secondary star provides material to be accreted (symbi-
otic channel, see e.g. Patat et al. 2011). Mass can be trans-
ferred to the WD via Roche-lobe overflow (RLOF) from a
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hydrogen-rich mass-donor star or He star (Nomoto 1982a,
van den Heuvel et al. 1992, Iben & Tutukov 1994, Yoon &
Langer 2003). The second standard scenario involves two
WDs (double-degenerate scenario, DD, hereafter, Iben & Tu-
tukov 1984, Webbink 1984). The explosion occurs as the two
WDs merge as a consequence of the loss of angular momen-
tum.
The two classes of progenitor systems are predicted to leave
different imprints on the circumbinary environment. For SD
progenitor channels the local environment is expected to be
either directly enriched by wind from the donor star (symbi-
otic systems) or by non-conservative mass transfer (i.e. by
matter that the WD is unable to accrete). For the DD scenario
the general expectation is that of a “cleaner” environment with
density typical of the inter stellar medium (ISM). Particularly
intriguing in this respect is the evidence for interaction of the
SN ejecta with circumbinary material as revealed by optical
observations of some Type Ia SNe (see e.g. Silverman et al.
2013).
The nearby SN environment can also be revealed by us-
ing sensitive X-ray observations obtained shortly after the ex-
plosion (e.g. Russell & Immler 2012, Horesh et al. 2012,
Margutti et al. 2012). For both the SD and DD scenarios,
the X-ray emission is powered by the interaction of the SN
shock with the circumburst medium and can thus be used as
a probe of the local environment (e.g. Chevalier & Fransson
2006). Here we present the results from deep Chandra X-ray
observations of SN 2014J that enable us to put stringent con-
straints on the progenitor system mass-loss prior to explosion.
X-ray observations are described in Sec. 2. We re-construct
the bolometric light-curve of SN 2014J from broad-band op-
tical photometry spanning the UV to NIR range in Sec. 3.
We combine the optical and X-ray observations to derive a
deep limit to the mass-loss rate of the progenitor system of
SN 2014J in Sec. 4. The mass-loss limit is used to infer the
nature of the donor star in the progenitor system of SN 2014J
in Sec. 5. Conclusions are drawn in Sec. 6.
Uncertainties are quoted at 1σ confidence level, unless oth-
erwise noted. Throughout the paper we use 2014 January
14.72 UT as explosion date of SN 2014J (Zheng et al. 2014).
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The possible presence of a “dark phase” (e.g. Piro & Nakar
2012, 2013) with duration between hours and a few days be-
tween the explosion and the time of the first emitted light has
no impact on our major conclusions.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. Chandra
We initiated deep X-ray follow up of SN 2014J with the
Chandra X-ray Observatory on 2014 February 3, 20:10:39
UT (δt ∼ 20.4 days) under an approved DDT proposal (PI
Margutti). Data have been reduced with the CIAO software
package (version 4.6) and corresponding calibration files.
Standard ACIS data filtering has been applied. The total
exposure time of our observations is 47ks. The observa-
tions mid-time corresponds to δt = 20.4days since the explo-
sion. No X-ray source is detected at the supernova position
(Fig. 1) with a 3σ upper limit of 2.1× 10−4cs−1 in the 0.3-
10 keV energy band, which implies an absorbed flux limit of
Fx < 2.6×10−15 (ergs−1cm−2) for an assumed Fν ∝ ν−1 spec-
trum. The count-rate limit is calculated as a 3σ fluctuation
from the local background assuming Poisson statistics as ap-
propriate in the regime of low-count statistics. The presence
of diffuse soft X-ray emission from the host galaxy (Fig. 1,
left panel) prevents us from reaching deeper limits.
The Galactic neutral hydrogen column density in the direc-
tion of SN 2014J is NHMW = 5.1× 1020 cm−2 (Kalberla et al.
2005). The estimate of the intrinsic hydrogen column (NHint)
is more uncertain. Observations of SN 2014J at optical wave-
lengths point to a large local extinction (see Sec. 3) corre-
sponding to AV = 1.7±0.2mag (Goobar et al. 2014). A more
recent study by Amanullah et al. (2014) find consistent re-
sults around maximum light: AV = 1.9± 0.1mag. Assum-
ing a Galactic dust-to-gas ratio, this would imply NHint ∼
4×1021 cm−2 (Predehl & Schmitt 1995; Watson 2011). How-
ever, the low value inferred for the total-to-selective extinc-
tion RV < 2 (Goobar et al. 2014; Amanullah et al. 2014) sug-
gests the presence of smaller dust grains, more similar to the
grain size distribution of the Small Magellanic Cloud (SMC).
For an SMC-like dust-to-gas ratio (Martin et al. 1989), the
inferred hydrogen column is NHint ∼ 7×1021 cm−2. Gamma-
Ray Burst (GRB) host galaxies sample instead the high end
of the gas-to-dust ratio distribution (Schady et al. 2010).
For a GRB-like environment the observed optical extinc-
tion would imply NHint ∼ 1022 cm−2. Based on these find-
ings, in the following we calculate our flux limits and re-
sults for a fiducial range of intrinsic hydrogen column den-
sity values: 4× 1021 cm−2 < NHint < 1022 cm−2. We adopt
NHint ∼ 7×1021 cm−2 as “central value” in our calculations.4
Based on these values, the unabsorbed flux limit is F3σx <
5.0×10−15 ergs−1cm−2 (NHint = 7×1021 cm−2, 0.3-10 keV en-
ergy band), with (4.0< F3σx < 6.0)×10−15 ergs−1cm−2 for the
range of NHint values above. At the distance of 3.5 Mpc,
the corresponding luminosity limit is L3σx < 7.2×1036 ergs−1,
with (5.7< L3σx < 8.7)×1036 ergs−1.
2.2. Swift-XRT
4 Based on pre-explosion Chandra observations, Nielsen et al. (2014) in-
fer NHint = (8.6± 0.4)× 1021 cm−2. However, the actual X-ray absorption
affecting SN 2014J can be either smaller or larger, depending if SN 2014J ex-
ploded in front of some of the material responsible for the intrinsic hydrogen
column in pre-explosion images or if instead SN 2014J illuminated additional
material which was not contributing to the measured NHint.
The Swift (Gehrels et al. 2004) X-Ray Telescope (XRT,
Burrows et al. 2005) started observing SN 2014J on 2014
January 22, 10:13:52 UT (δt ∼ 8 days, PIs Ofek, Brown,
Markwardt, Barthelmy). XRT data have been analyzed us-
ing HEASOFT (v6.15) and corresponding calibration files.
Standard filtering and screening criteria have been applied.
We find no evidence for a point-like X-ray source at the po-
sition of SN 2014J. Using observations acquired at δt < 20
days (total exposure time of 114 ks), the 3σ count-rate limit
is 2.4× 10−3 cs−1 in the 0.3-10 keV energy range. The un-
absorbed flux limit is F3σx < 2.4× 10−13 ergs−1cm−2 (NHint =
7×1021 cm−2), corresponding to L3σx < 3.5×1038 ergs−1. Re-
stricting our analysis to 7. δt . 15 days, when X-ray Inverse
Compton emission is expected to peak (Fig. 2), we find a
count-rate limit of 5.4× 10−3 cs−1 (exposure time of 27 ks,
0.3-10 keV), corresponding to F3σx < 5.5× 10−13 ergs−1cm−2
with L3σx < 8.0×1038 ergs−1.
3. THE BOLOMETRIC LUMINOSITY OF SN 2014J
The line of sight toward SN 2014J is heavily reddened by
dust in the host galaxy. The Galactic reddening in the direc-
tion of the SN is E(B −V )MW = 0.06mag (Dalcanton et al.
2009). The analysis of the spectra and broad-band photome-
try of SN 2014J by Goobar et al. (2014) indicates a local color
excess E(B −V )host ∼ 1.2mag and a low value of total-to-
selective extinction RV < 2. These results are consistent with
earlier reports by Cox et al. (2014); Patat et al. (2014). In the
remaining of the paper we follow Goobar et al. (2014) and use
E(B−V )host = 1.22±0.05mag with RhostV = 1.40±0.15mag.5
The uncertainty on the local extinction parameters is consis-
tently propagated into our final bolometric luminosity (Fig. 2,
lower panel).
To derive the bolometric luminosity of SN 2014J we start
from the UBVRYJHK and iz photometry published by Goo-
bar et al. (2014). We complement this photometric data set
with additional JHK photometry from Venkataraman et al.
(2014); Srivastav et al. (2014); Richardson et al. (2014) and
obtain extinction corrected flux densities applying a Cardelli
et al. (1989) extinction law with the color excess and the
total-to-selective extinction values as above (in addition to the
Galactic correction). A first, pseudo-bolometric light-curve of
SN 2014J is then obtained by integrating the extinction cor-
rected flux densities from the U band (λ ∼ 3650 Å) to the K
band (λ ∼ 2.2µm). From well monitored “normal” Type Ia
SNe like SN 2011fe we estimate that the amount of flux red-
ward the K band is . 5% at δt . 20days since the explosion.
An UV photometric campaign (PI Brown) has also been
carried out with the Swift (Gehrels et al. 2004) UV Optical
Telescope (UVOT, Roming et al. 2005). However, the large
local extinction makes any extinction correction to the UV
photometry extremely uncertain. For this reason we employ a
different approach. We estimate the time-varying amount of
flux emitted blueward the U band by SN 2014J using the well-
monitored, minimally reddened, normal Type Ia SN 2011fe
as template (Brown et al. 2012; Margutti et al. 2012). At the
time of the Chandra observation (δt = 20.4days) the UV flux
represents (13±5)% of the bolometric flux.
5 The properties of diffuse interstellar bands (DIBs) in the spectra of
SN 2014J would indicate a higher local extinction corresponding to AhostV =
2.5±0.1mag (Goobar et al. 2014). A later study by Amanullah et al. (2014)
finds AhostV = 1.9± 0.1mag. The parameters adopted above imply instead
AhostV = 1.7± 0.2mag which leads to more conservative limits to the mass-
loss rate of the progenitor system derived in Sec. 4.
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FIG. 1.— False-color pre-explosion (left panel) and post-explosion (central panel) images of the environment around the Type Ia SN 2014J obtained with the
Chandra X-ray Observatory. Right panel: zoom-in to the SN location. The dashed circle has a radius of 0.9′′ around the position of SN 2014J (Chandra PSF
at 1.5 keV, 90% containment). No X-ray emission is detected at the position of SN 2014J, enabling deep limits on the mass-loss rate of the stellar progenitor
system. The pre-explosion image combines 237 ks of archival Chandra data (PI Strickland). Our post-explosion observations obtained at δt = 20.4days are
shown in panel (b) (exposure time of 47 ks, PI Margutti). Red, green and blue colors refer to soft (0.3-1.4 keV), medium (1.4-3 keV) and hard (3-10 keV)
photons, respectively.
Figure 2, lower panel, shows the final bolometric light-
curve of SN 2014J. The displayed uncertainty is driven by
the inaccurate knowledge of the local extinction correction.
In this work we use the estimates of AhostV and R
host
V that ap-
peared in the literature so far. It is possible that later esti-
mates will somewhat deviate from the numbers assumed here.
We emphasize that a wrong choice of extinction parameters
would have no impact on our conclusions as long as it does
not lead to an overestimate of the bolometric luminosity of
SN 2014J at ∼ 20 days. The comparison with the UBVRI
light-curves of a sample of Type Ia SNe in Fig. 2 suggests
that we might have instead underestimated the bolometric lu-
minosity of SN 2014J. The study by Amanullah et al. (2014)
finds that SN 2014J is indeed similar to SN 2011fe once cor-
rected for the extinction. If this is true, then our limits on the
density of the explosion local environment should be consid-
ered conservative, thus strengthening our conclusions on the
progenitor system of SN 2014J of Sec. 5. A larger Lbol would
require a smaller environment density in order to avoid detec-
tion of X-rays through Inverse Compton scattering.
4. CONSTRAINTS ON THE PROGENITOR SYSTEM MASS-LOSS
RATE
Deep X-ray observations constrain the density of the ex-
plosion circumstellar environment, previously shaped by the
mass-loss of the progenitor system. For hydrogen-stripped
progenitors in low density environments, at δt . 40 days, the
X-ray emission is dominated by Inverse Compton (IC) scat-
tering of photospheric optical photons by relativistic electrons
accelerated by the SN shock (Chevalier & Fransson 2006).
Following the generalized formalism developed in Margutti
et al. (2012), the IC luminosity directly tracks the SN opti-
cal luminosity (LIC ∝ Lbol) and further depends on the density
structure of the SN ejecta ρSN, the structure of the circumstel-
lar medium ρCSM and the details of the electron distribution
responsible for the up-scattering of the optical photons to X-
ray energies. The dynamical evolution of the shockwave is
treated self-consistently. Finally, since LIC ∝ Lbol, any uncer-
tainty on the estimate of the SN distance from the observer
would equally affect LIC and Lbol, and thus has no impact on
the limits we derive on the environment density.
In the following we assume the SN outer density structure
to scale as ρSN ∝ R−n with n ∼ 10, as found for SNe aris-
ing from compact progenitors (e.g. Matzner & McKee 1999).
Electrons are assumed to be accelerated in a power-law dis-
tribution n(γ) ∝ γ−p with index p = 3, as supported by ra-
dio observations of SN shocks in Type Ib/c explosions (e.g.
Soderberg et al. 2006). The fraction of post-shock energy den-
sity in relativistic electrons is e = 0.1 (Chevalier & Fransson
2006). The environment density limits calculated below scale
as (e/0.1)−2 (Margutti et al. 2012, their Appendix A).
We use the bolometric luminosity light-curve derived in
Sec. 3 to constrain the density of the environment around
SN 2014J in the case of (i) a wind-like CSM (ρCSM ∝ R−2)
and (ii) an ISM-like CSM (ρCSM = const). A star which has
been losing material at constant rate M˙ gives rise to a wind-
like CSM. A “wind medium” is the simplest expectation in the
case of SD progenitor models. DD progenitor systems would
be instead consistent with a “cleaner environment”, and, po-
tentially, with an ISM-like CSM. The final result is shown in
Fig. 2, upper panel.
For a wind-like medium, ρCSM = M˙/(4piR2vw), where M˙
is the progenitor pre-explosion mass-loss rate and vw is the
wind velocity. The X-ray non-detection by Chandra at δt =
20.4days constrains the progenitor mass-loss rate M˙ < 1.2×
10−9 Myr−1 for vw = 100kms−1. This limit is obtained by
using our fiducial Lbol (thick line in Fig. 2, lower panel) and
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FIG. 2.— Upper panel: Inverse Compton X-ray luminosity expected in the
case of wind (green solid line) and ISM (blue solid line) environments. The
deep X-ray limit obtained with Chandra constrains M˙ < 1.2× 10−9 Myr−1
(wind) or nCSM < 3.5cm−3 (ISM). The shaded areas mark the range of al-
lowed limits, derived by conservatively accounting for the uncertainty on Lbol
and NHint: M˙ = (0.7−2.5)×10−9 Myr−1 (wind) and nCSM = (1.5−8.0)cm−3
(ISM). Lower panel: optical bolometric luminosity of SN 2014J (thick line)
and associated uncertainty (dotted lines). A sample of UBVRI light-curves of
Type Ia SNe including SNe 1989B, 1991T, 1992A, 1992bc, 1992bo,1994D,
1994ae,1995D, 2011fe (thick solid line), 2012cg, is also shown for compari-
son (from Munari et al. 2013).
L3σx < 7.2×1036 ergs−1 (Sec. 2.1). Conservatively accounting
for the uncertainties affecting our estimates of the bolometric
optical luminosity and intrinsic neutral hydrogen absorption
column, the range of allowed limits to the progenitor mass-
loss rate is (0.7−2.5)×10−9 Myr−1 (shaded areas in Fig. 2,
upper panel). In a wind-like scenario M˙/vw ∝ (1/Lbol)1/0.64.
For an ISM-like medium we find nCSM < 3.5cm−3. The range
of allowed limits is (1.5 − 8.0)cm−3 and the particle density
scales as (1/Lbol)0.5.
Swift-XRT observations have been acquired starting from
δt = 8 days and cover the time interval when IC X-ray emis-
sion peaks. From Figure 2, LpeakIC < 2× 1037 ergs−1, con-
sistent with the X-ray limit derived from XRT observations
L3σx < 8.0×1038 ergs−1 (Sec. 2.2).
5. DISCUSSION
Deep X-ray observations obtained around optical maximum
light of the nearby SN 2014J allowed us to obtain the most
constraining limits on the environment density around a Type
Ia SN explosion. With SN 2011fe (Margutti et al. 2012) and
SN 2014J (this work), we have probed X-ray luminosities
FIG. 3.— Type-I SN explosions in the X-ray phase space, including GRB-
SNe (Margutti et al. 2013), ordinary Type Ib/c SNe (Margutti et al. 2014
and references therein), super-luminous hydrogen poor SNe (SLSNe-I, Levan
et al. 2013) and Type-Ia SNe (Russell & Immler 2012; Schlegel & Petre
1993; Hughes et al. 2007). The emission from SN 2011fe (Margutti et al.
2012) and SN 2014J (stars) is much weaker than any hydrogen-poor core-
collapse SN ever detected in the X-rays, and represent the deepest limit on
the X-ray emission of a Type-I SN to date. Open black symbols mark Type-Ia
SNe with signs of CSM interaction in our sample (i.e. SNe 2002ic, 2005gj,
2006X, 2009ig).
which are a factor∼ 100 deeper than previously obtained lim-
its (Fig. 3), thus sampling a new territory in the X-ray lumi-
nosity vs. time phase space. However, no X-ray emission
is detected in either case, in sharp contrast with hydrogen-
stripped core-collapse explosions (squares, diamonds and tri-
angles in Fig. 3).
These observations directly constraint the density of mate-
rial in the SN immediate environment, shaped by the progen-
itor system before the terminal explosion. Irrespective of the
assumed circumburst density profile, the deep X-ray limit im-
plies a “clean” environment at distances R . 1016 cm from
the explosion center of SN 2014J. We interpret this finding in
the context of different progenitor configurations, both for SD
and DD models.
5.1. SD with quasi-steady mass-loss
WDs around the Chandrasekhar mass MCh accreting at rate
Macc & 3× 10−7 Myr−1 undergo steady hydrogen burning
(e.g. Iben 1982, Nomoto 1982b, Prialnik & Kovetz 1995,
Shen & Bildsten 2007). In this regime the WD accretes and
retains matter. However, the system also loses material to the
environment in three different ways: (i) wind from the donor
star; (ii) non-conservative mass transfer through Roche Lobe
Overflow (RLOF); (iii) optically thick winds from the WD.
In symbiotic systems the wind from the giant compan-
ion star dominates the mass-loss, with typical rates M˙ = 5×
10−9 − 5× 10−6 Myr−1 and wind velocities vw < 100kms−1
(Seaquist & Taylor 1990, Patat et al. 2011, Chen et al.
2011). Our limit on the environment density around SN 2014J
strongly argues against this progenitor scenario (Fig. 4).
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FIG. 4.— Wind velocity vs. mass-loss phase space. The deep limits we obtain for SN 2014J (colored area) rule out most of the parameter phase space associated
with SD models with steady mass-loss to the environment. The limit obtained from the X-ray observations of SN 2011fe (dashed line, from Margutti et al. 2012)
and the set of limits obtained by Russell & Immler (2012) on a sample of Type Ia SNe (solid black lines) are also shown for comparison. White stars: measured
mass-loss of symbiotic systems in our Galaxy for an assumed vw = 10kms−1 (Seaquist & Taylor 1990).
From the analysis of the complete set of pre-explosion im-
ages (near UV to NIR) at the SN site acquired with the Hub-
ble Space Telescope (HST), Kelly et al. (2014) exclude SD
progenitor systems with a bright red giant donor star. Con-
sistent with these results, the mass-loss limit we derived from
deep X-ray observations of the SN environment firmly and
independently rules out this possibility and extends the con-
clusion to the entire class of red giant secondary stars.
For systems harboring a main sequence, subgiant or helium
star, the dominant source of mass-loss to the surroundings
is through non conservative mass transfer from the donor to
the primary, accreting star. In this scenario the secondary
star fills its Roche lobe and some of the transferred mate-
rial is lost to the environment at the outer Lagrangian point:
M˙trans = M˙acc + M˙lost. We use the orbital velocity v ∼ a few
100kms−1 (or lower) as typical velocity of the ejected mate-
rial. Observations of WDs in this regime indicate velocities
up to ∼ 600kms−1 which we use in Fig. 4 (e.g. Deufel et al.
1999). The efficiency of the accretion process (M˙acc/M˙trans)
is poorly constrained. Our X-ray limit implies a very high
efficiency of & 99% (light-blue region in Fig. 4) to avoid de-
tectable signs of interaction with the lost material. A similar
value was found for SN 2011fe using deep X-ray and radio
observations (Margutti et al. 2012, Chomiuk et al. 2012). In
this context Panagia et al. (2006) put a less constraining limit
of > 60 − 80% on the efficiency of the same process using
radio observations of a larger sample of 27 SNe Ia.
At high mass transfer rates, optically thick winds develop-
ing at the WD surface are expected to self-regulate the mass
accretion to a critical value M˙acc ∼ 7× 10−7 M yr−1, the ex-
act value depending on the hydrogen mass fraction and WD
mass (Hachisu et al. 1999, Han & Podsiadlowski 2004, Shen
& Bildsten 2007). Our analysis argues against this progenitor
scenario, even in the case of fast outflows with vw ∼ a few
1000kms−1 (dark blue region in Fig. 4).
Finally, thermonuclear burning of hydrogen rich material
on the surface of a WD is expected to generate super-soft
X-ray emission, which should be thus detectable in pre-
explosion images at the SN site. Consistent with our find-
ings above, Nielsen et al. (2014) found no evidence for a
super-soft X-ray source (SSS) at the position of SN 2014J
using deep Chandra X-ray observations spanning the time
range 1 . t . 14 yr before explosion. These observations al-
lowed Nielsen et al. (2014) to rule out single-degenerate sys-
tems with high effective temperature of the super-soft emis-
sion kTeff > 80eV.
5.2. SD with non-steady mass-loss
Non-steady mass enrichment of the progenitor surround-
ings in the years preceding the SN can create a low-density
cavity around the explosion, which would naturally explain
our X-ray null-detection. The evacuated region around the
progenitor system can either be (i) the consequence of the ces-
sation of mass-loss from the companion star or (ii) the result
of repeated nova shell ejections by the WD.
Recurrent novae. A WD near the Chandrasekhar mass
(M ≥ 1.3M) accreting at M˙acc ∼ (0.1−3)×10−7 Myr−1 ex-
periences repeated nova explosions as a result of unsteady
hydrogen burning on its surface (e.g. Iben 1982, Starrfield
et al. 1985, Livio & Truran 1992, Yaron et al. 2005). Shell
ejections associated with the nova outbursts evacuate a region
around the progenitor system by sweeping up the wind from
the companion star. The result is a complex CSM structure,
shaped by the fast nova shells and by the slower wind from
the donor star. This scenario has been invoked to explain the
evidence for interaction in the spectra of some Type Ia SNe
(e.g. SN 2002ic, Wood-Vasey & Sokoloski 2006). The main
outcome of this process is the presence of regions with very
low density, reaching nCSM ∼ 10−3 − 1cm−3, in the proxim-
ity of the explosion center even in the case of very powerful
6 Margutti et al.
FIG. 5.— CSM density structure around a symbiotic progenitor system
(WD plus red giant star) undergoing repeated nova explosions with recur-
rence time∆t = 100 yr (from Dimitriadis et al. 2014). Case 1: the SN occurs
just after the last nova explosion. Case 2: the SN explodes 100 yrs after the
last nova shell ejection and the nova cavity has been partially refilled by the
wind of the red giant star with M˙ = 10−6 Myr−1 and vw = 10kms−1. Dashed
vertical lines: radius of the SN forward shock ∼ 20 days after the explosion
(time of our Chandra observations). The CSM densities of the environment
sampled by the SN shock at this time are a factor ∼ 100 smaller than our
limit.
winds from the donor star (Fig. 5).
The immediate SN environment critically depends on the
time of the SN explosion with respect to the time of the last
nova shell ejection, as illustrated by Fig. 5. Figure 5 shows
the results from the simulations by Dimitriadis et al. (2014)
for a symbiotic progenitor system consisting of a WD plus
red giant star losing material with rate M˙ = 10−6 Myr−1 and
wind velocity vw = 10kms−1. The nova recurrence time scale
in this simulations is∆t = 100 yrs.
From Fig. 5 it is clear that our observations obtained at δt ∼
20 days do not probe the range of densities associated with
nova cavities.6 However, if the progenitor of SN 2014J ex-
perienced recurrent nova outbursts, our X-ray null-detection
implies that: (i) a nova shell must have been able to clear out
the environment at R∼ 1016 cm; (ii) the wind from the donor
star has not yet been able to refill this volume by the time of
the SN explosion.
The size of the cavity cleared out by a nova shell depends
on the shell dynamics (e.g. Moore & Bildsten 2012). For
typical shell ejection velocities vsh = 1000 − 4000kms−1 and
mass Msh = 10−7 −10−5 M (Yaron et al. 2005) expanding into
a medium enriched by the secondary star mass-loss with rate
M˙ = 10−7−10−6 My−1, the shell rapidly evolves from free ex-
pansion to the Sedov-Taylor phase on a time-scale of tST ∼ a
few days. It then transitions to the snowplow phase at tSP ∼ a
few months. Adopting vsh = 4000kms−1, tST = 2 days, tSP = 2
months as typical parameters as indicated by observations of
the recurrent nova RS Oph (e.g. Bode & Kopal 1987, Mason
et al. 1987, Sokoloski et al. 2006), a nova shell would reach
R ∼ 1016 cm on a time scale of ∼ 40 yrs. For a wind envi-
ronment R∝ t2/3 during the Sedov-Taylor phase and R∝ t1/2
during the snowplow phase. The slower wind from the donor
star would need∆trefill ∼ 300 yrs to refill this region with new
6 However, according to Dimitriadis et al. (2014), their Fig. 12, we should
have been able to detect X-ray emission at the level of Lx ≥ 5× 1037 ergs−1
at δt ∼ 20 days if the X-rays are of thermal origin. Such emission is clearly
ruled out by our observations.
material (for vw = 10kms−1).
These results indicate that if the recurrent nova scenario
applies to SN 2014J, then (i) at least one nova shell has been
ejected at t ≥ 40 yrs before the SN; (ii) the recurrence time
scale of nova outbursts is shorter than 300 yrs (consistent
with the time scales observed in recurrent novae, the short-
est known time between outbursts being ∼ 1 yr at the time of
writing, Tang et al. 2014). To this respect it is worth mention-
ing that a complementary search for nova outbursts in archival
optical images revealed no evidence for nova explosions at the
location of SN 2014J in the ∼ 1500 days before the SN (Goo-
bar et al. 2014). No evidence for interaction has been found
for SN 2014J at δt ≤ 20 days since the explosion, either in
the form of light-curve re-brightenings, Hα emission or time-
variable Na D features (Goobar et al. 2014; Zheng et al. 2014;
Tsvetkov et al. 2014), consistent with the expansion in a very
clean environment. The same conclusion is supported by the
deep limits on the radio synchrotron emission by Chomiuk
et al. (2014) and Chandler & Marvil (2014).
Cessation of mass-loss. Our observations at δt ∼ 20 days
cannot exclude the presence of material in the environment
at larger distances R & 1016 cm and are thus consistent with
any scenario that predicts cessation of mass loss from the pro-
genitor system at t ≥ 300× (vw/10kms−1)−1 yrs before the
terminal explosion ("delayed explosion models" in Fig. 4).
This condition is naturally satisfied by (i) spin-up/spin-down
models (Di Stefano et al. 2011; Justham 2011) and (ii) core-
degenerate scenarios for Type Ia SNe (where the WD merges
with the core of an AGB -Asymptotic Giant Branch- star,
Ilkov & Soker 2012).
In both cases rapid rotation might stabilize the WD against
explosion, allowing the WD to grow above MCh. The actual
delay time τ between completion of mass transfer and explo-
sion is uncertain and depends on the physical mechanism that
regulates the WD spin-down (i.e. reduced accretion, ceased
mass transfer, angular momentum transfer, magnetic break-
ing, gravitational waves). A wide range of values seems to
be allowed by theory (τ . 105 yrs to τ > 109 yrs, e.g. Lind-
blom et al. 1999, Yoon & Langer 2005, Ilkov & Soker 2012,
Hachisu et al. 2012). Here it is worth noting that τ ≥ 105
yrs is enough for the circumbinary material to become diffuse
and reach ISM-like density values at the explosion site, con-
sistent with our findings. Additionally, for τ & 108 −109 yrs,
even if the donors started the mass-loss as giant, sub-giant or
main sequence stars, by the time of the explosion they have
exhausted most of their envelopes, their remaining envelopes
have shrunk inside their Roche lobes and/or they are likely to
have already evolved into compact objects (e.g. He or C/O
WDs) or low-mass stars (e.g. Di Stefano et al. 2011, Justham
2011, Hachisu et al. 2012). All these effects would suppress
any prominent signature of the mass-donor companion both
before (i.e. in pre-explosion images) and after the explosion
(i.e. anything that originates from the interaction of the SN
shock with the medium), naturally accounting for our null-
detections.
5.3. WD-WD progenitors
In double-degenerate models the merger of two WDs leads
to the final explosion. The general expectation is that of a
“clean” environment at R& 1013−1014 cm with ISM-like den-
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sity.7 No stellar progenitor is expected to be detectable at the
distance of SN 2014J in near UV to NIR pre-explosion im-
ages. Additionally, since the WDs were unlikely to burn hy-
drogen just prior to explosion, no X-ray source is expected to
be found in pre-explosion images either. Our deep X-ray non-
detection is consistent with this scenario, but can hardly be
considered a confirmation of this progenitor channel. We also
note that our results are consistent with the predictions of the
core-degenerate (CD) scenario, where the actual merger in-
volves a WD and the core of an asymptotic giant branch star,
as suggested in the case of SN 2011fe (Soker et al. 2014).
WD-WD mergers are however expected to enrich the ISM
in a number of ways including (i) tidal tail ejections (Raskin
& Kasen 2013), (ii) mass outflows during the rapid accretion
phase before the merger (Guillochon et al. 2010, Dan et al.
2011), (iii) winds emanating from the disk during the vis-
cous evolution (Ji et al. 2013), (iv) shell ejections (Shen et al.
2013. See also Soker et al. 2013). Each of these mechanisms
predicts the presence of relevant mass at different distances
from the explosion center. Below we discuss the predictions
of these scenarios at R ∼ 1016 cm which is relevant for the
Chandra null detection of SN 2014J.
Tidal tail ejection. Some 10−4 − 10−2 M of material is ex-
pected to be tidally stripped and ejected with typical veloc-
ity vej ∼ 2000kms−1 just prior to the WD-WD coalescence
(Raskin & Kasen 2013). The resulting structure of the CSM
and the distance Rej of the over-density region created by the
mass ejection from the explosion center critically depend on
the delay time between the tidal tail ejection and the final ex-
plosion ∆tej. In particular, the ejected material would require
∆tej ∼ 108 s to reach the distance of interest Rej ∼ 1016 cm.8
Raskin & Kasen 2013 calculate that the tidal tail density at
this distance would correspond to an effective mass-loss rate
M˙ ∼ 10−2 − 10−5 M yr−1 which is ruled out by our observa-
tions. Our results thus argue against WD-WD mergers with
delay times of the order of 1-10 yrs, but allow for short delay
times∆tej < 106 s (including systems that detonate on the dy-
namical time scale ∆tej ∼ 102 − 103 s or on the viscous time
scale of the remnant disk ∆tej ∼ 104 − 108 s). Long lag times
∆tej  108 s are also consistent with our findings, since the
interacting material would be located at larger distances.
Mass outflows during rapid accretion. Guillochon et al.
(2010) and Dan et al. (2011) suggested that a phase of mass
transfer and rapid accretion (with accretion rates reaching
10−5 −10−3 Ms−1) might precede the actual WD-WD merger.
As for SD systems, mass can be lost at the Lagrangian point,
thus shaping the environment that the SN shock will probe
later on. According to the simulations by Dan et al. (2011),
by the time of the merger the mass of the unbound material is
Mej ∼ 10−2 −10−3 M and could in principle produce observ-
able signatures as soon as the SN shock and ejecta expand
and interact with this material. The dynamics of the ejected
material depends on vej, Mej and nISM. The location of the
ejected material Rej at the time of the SN explosion critically
depends on ∆tej. Both ∆tej and vej are at the moment poorly
7 Recent DD studies pointed out the possible presence of a region of en-
hanced density located at R ∼ 1013 − 1014 cm (e.g. Fryer et al. 2010, Shen
et al. 2012, Raskin & Kasen 2013). Its physical origin has to be connected ei-
ther to the WD-WD merger and/or to the outcome of the subsequent evolution
of the system.
8 Note that for typical ISM densities nISM ∼ 1cm−3, the ejected material
is in free expansion for ∼ 200 yrs before entering the Sedov-Taylor phase.
constrained. For vej ∼a few 1000kms−1 (i.e. comparable to
the escape velocity), our deep density limit at R∼ 1016 cm im-
plies that the system did not eject substantial material in the
2-3 years before the SN explosion.
Disk winds. WD-WD mergers that fail to promptly deto-
nate have been recently suggested to produce a rapidly rotat-
ing, magnetized WD merger surrounded by a hot thick accre-
tion disk before producing a Type Ia SN (Ji et al. 2013). A
fraction of the disk mass is lost through magnetically driven
winds. Ji et al. (2013) calculate that for near-equal mass WD,
Mej ∼ 10−3 M is gravitationally unbound and ejected with
vej ∼ 2600kms−1. As for the other scenarios, a critical param-
eter is the interval of time between the mass ejection and the
supernova explosion∆tej (assuming that a supernova occurs).
The low density of SN 2014J at R ∼ 1016 cm suggests ∆tej >
a few yrs.
Shell ejection. In the case of He+C/O WD progenitors in
the context of the “double detonation” model (Livne 1990),
Shen et al. (2013) have recently proposed that hydrogen-rich
material can be ejected by the binary system in multiple ejec-
tion episodes hundreds to thousands of years prior to the
merger (see their Fig. 3). In their simulations Shen et al.
(2013) find that a total of Mej = (3−6)×10−5 M of material
can be transferred to the environment and it is ejected with
initial velocity vej ∼ 1500kms−1 (i.e. comparable with the He
WD circular velocity). In close analogy to nova shells, the
ejected material interacts with the local ISM and shapes the
local environment of the explosion (Shen et al. 2013, their
Fig. 4). Both the delay time between the onset of the mass-
transfer and the disruption of the He WD and the time of the
last ejection critically depend on the evolutionary history of
the He WD, with the “older” He WD in the simulations of
Shen et al. 2013 giving origin to mass ejections ∼ 200 yrs be-
fore the terminal explosion. Our finding of a very low density
environment at R ∼ 1016 cm constrains the most recent mass
ejection in SN 2014J (if any) to have happened at t > 3 yrs
before the explosion.
6. CONCLUSIONS
Type Ia SNe remain among the class of SNe that still lacks
both an X-ray and radio counterpart identification. Our Chan-
dra monitoring campaigns of the two most nearby SNe Ia
in the last 30 years, SN 2011fe (Margutti et al. 2012), and
SN 2014J (this work), allowed us to sample a new region of
the Lx vs. time parameter space (Lx < 7× 1036 ergs−1, Fig.
3), and offered us the opportunity to probe the environment
density down to the unprecedented level of a few particles per
cm3 at R. 1016 cm.
Our major findings can be summarized as follows:
• The deep X-ray null detection of SN 2014J at ∼ 20
days (Lx < 7× 1036 ergs−1) implies a low density en-
vironment with nCSM < 3cm−3 at R∼ 1016 cm from the
center of the explosion (ISM medium). For a wind-
like density profile, the luminosity above translates into
a pre-explosion mass-loss rate M˙ < 10−9 Myr−1 for
wind velocity vw = 100kms−1. By contrast to limits
derived from radio synchrotron emission, our results
are independent of assumptions about the poorly con-
strained post-shock energy density in magnetic fields
(e.g. Chomiuk et al. 2012, Horesh et al. 2012 for
SN 2011fe).
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• These results rule out with high confidence the major-
ity of the parameter space populated by SD models with
steady mass-loss until the terminal explosion (Fig. 4),
and in particular symbiotic systems with a giant com-
panion.
• If the progenitor system of SN 2014J is SD and har-
bors a main sequence or subgiant mass-donor star un-
dergoing Roche lobe overflow, our results imply a
high efficiency of the accretion process onto the WD
M˙acc/M˙trans & 99%.
• In the allowed portion of the progenitor parameter
space (Fig. 4) we find WD-WD scenarios (both DD
with a pair of C/O WDs and He+C/O WDs of the dou-
ble detonation model), SD systems undergoing unsta-
ble hydrogen burning, and SD or DD models where
the terminal explosion is delayed with respect to the
completion of the mass loss. A delay time as short as
∼ 300×(v/10kms−1)−1 yrs would be enough to explain
our X-ray null-detection. Alternatively, SD progenitors
burning hydrogen unsteadily experience repeated nova
shell ejections. If SN 2014J originates from this class
of progenitors, our results suggest that, for typical nova-
shell and SN environment parameters, (i) at least one
nova shell has been ejected at t ≥ 40 yrs before the SN,
(ii) the recurrence time of shell ejection by our system
is < 300 yrs.
This discussion emphasizes that a single deep X-ray
observation of a nearby Type Ia SN has strong discriminating
power in the case of progenitors with steady mass-loss until
the terminal explosion. However, a change in the observation
strategy, with multiple deep observations obtained in the first
∼ 100 days since the explosion is needed to better constrain
scenarios with sporadic mass-loss episodes just before the
terminal explosion. We advocate for such observations to
be obtained for the next Type Ia SN discovered in the local
Universe (d < 10Mpc). Late-time (t  100 days) deep
X-ray observations will be able to sample the more distant
environment: for example, recent analysis of the Type Ia SN
remnant Kepler suggests that CSM cavities may reach out
to R ∼ 1017 cm (Patnaude et al. 2012). This effort must be
paralleled by realistic theoretical predictions of the environ-
ment density structure around the explosion, possibly shaped
by repeated mass ejections from the progenitor system for a
wide range of progenitor/environment parameters.
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